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Abstract
The human and Drosophila serotonin transporters (hSERT and dSERT, respectively) were used to explore differences in substrate properties. hSERT and dSERT showed similar K m values for 5-HT transport (1.2 and 0.9 µM, respectively) suggesting similar recognition of 5-HT by the two species variants. Although dSERT cell surface expression was approximately eight-fold lower than hSERT, dSERT does appear to have a two-fold faster turnover number for inward transport of 5-HT. Interestingly, another substrate N-methyl-4-phenylpyridinium (MPP + ) was transported only by hSERT.
However, MPP + inhibited 5-HT uptake in both species variants with similar potencies.
Two cross-species chimeras, H Cloning of SERT from several organisms including rat (Blakely et al., 1991; Hoffman et al., 1991) , human (Ramamoorthy et al., 1993) , and Drosophila (Demchyshyn et al., 1994; Corey et al., 1994) revealed shared sequence identity with other members of the sodium-and chloride-dependent γ-aminobutyric acid (GABA)/norepinephrine (GAT/NET) transporter gene family. Similar to other transporter homologues, sequence analysis led to the prediction that SERTs possess twelve transmembrane domains (TMDs) with both amino and carboxyl terminals localized to the cytoplasm. SERT sequence analysis also predicts a large extracellular loop between TMD III and TMD IV containing multiple N-linked glycosylation sites and several putative intracellular domains for phosphorylation by protein kinases. By using various site-specific labeling techniques, the topology of this gene family has been largely confirmed (Bruss et al., 1995; Chen et al., 1998; Ferrer and Javitch, 1998;  Androutsellis-Theotokis and Rudnick, 2002) . Despite the sequence homology and similar K m values for 5-HT transport between SERT species variants, several lines of evidence demonstrate species differences in antagonist recognition (Barker et al., 1994; Barker et al., 1998) and the recognition of tryptamine analogs (Adkins et al., 2001 ).
These studies have revealed that single amino acid substitutions across SERT species variants are sufficient to alter ligand recognition. Amino acids involved with speciesspecific pharmacologic properties of SERT may play a role in maintaining a favorable conformation for ligand recognition or may directly participate in ligand binding as part of the drug binding pocket.
Little information is available on the molecular determinants of substrate recognition and translocation by SERT. In the present study, we investigated JPET #48751 differences in the properties of SERT substrates between the human and Drosophila SERTs (hSERT and dSERT, respectively). hSERT (630 amino acids) and dSERT (622 amino acids) share 51% sequence identity and demonstrate similar K m values for 5-HT uptake (Demchyshyn et al., 1994) . We speculated that hSERT and dSERT might demonstrate marked differences for the transport of other substrates such as N-methyl-4-phenylpyridinium (MPP + ) and the amphetamines, providing opportunities to exploit these species-specific properties in molecular studies to reveal structural information about substrate recognition and permeation. Indeed, hSERT readily transported the neurotoxic compound MPP + , however, MPP + was not transported by dSERT.
Moreover, amphetamine analogs were not readily transported by dSERT as determined by 5-HT release assays and electrophysiology experiments. Finally, cross-species chimeras between hSERT and dSERT were used to implicate the region from TMD V to IX of SERT as containing structural components involved with substrate recognition.
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complementary EcoNI restriction site is native in dSERT ( Fig 1A) . Mutations were confirmed by restriction enzyme digestion and nucleotide sequencing. Each SERT cDNA was digested with EcoNI and BsiWI and the resulting fragments were gel-purified and complementary fragments were ligated to yield the chimeric cDNA. The resulting construct encoded amino acids 1-281 from hSERT, 282-476 from dSERT, and hSERT from 477-638 (Fig. 1A) .
HEK-293 cells stably expressing the hSERT/dSERT chimeras were produced as described elsewhere (Qian et al., 1997 and SigmaPlot 5.0 (SPSS Science, Chicago, IL). Water-injected oocytes were assayed in parallel with SERT-injected oocytes to determine nonspecific effects on current by 5-HT, fluoxetine, and MMAI.
Data Analysis
This article has not been copyedited and formatted. The final version may differ from this version. hSERT showed nearly eight-fold greater surface expression than dSERT, explaining in part the differences in V max between the two SERT species ( Fig. 2A and B). V max values for hSERT and dSERT from these cells were used to approximate the 5-HT transport turnover number. Turnover number provides an opportunity for direct comparison between the two SERT species without concerns related to cell surface expression.
Interestingly, the turnover number for dSERT was almost two-fold greater than hSERT This article has not been copyedited and formatted. The final version may differ from this version. 
Differences in amphetamine properties at the human and Drosophila SERTs
To explore species-specific differences in amphetamine recognition and translocation at hSERT and dSERT, the capability of six amphetamine analogs to evoke 5-HT exchange was assessed ( Fig. 1B and Table 2 ). The ability to induce exchange has been used as evidence that a compound is a substrate for transporters (Rudnick and Walls 1992 a, b) . Exchange data revealed higher potency and efficacy of amphetamine-induced release through hSERT as compared to dSERT or the crossspecies chimeras (Table 2 , Fig. 4A ). For example, the amphetamine analog MMAI was 6-fold more potent at hSERT (EC 50 = 530 ± 80 nM) as compared with dSERT (3050 ± 280 nM) and at least 24-fold more potent than at the cross-species chimeras (Table 2 , The data suggest that MMAI and the other amphetamines may not be effectively transported by dSERT and, thus, lack efficacy for inducing exchange. However, dSERT could have an impaired ability to outwardly transport substrates, so we tested the ability of the known substrate 5-HT to induce exchange at hSERT and dSERT. Similar to our findings with the amphetamine analogs, unlabeled 5-HT induced less release of internal substrate from dSERT compared to hSERT, suggesting that dSERT may have reduced capacity for reverse substrate transport (Fig. 4C ).
To characterize further the differences in 5-HT release between hSERT and dSERT, we examined the rates and the turnover number for 5-HT release. First, we determined the initial rate of [ Similarly, we used species-variants and cross-species chimeras to explore regions in the SERT involved in the inward and outward transport mechanism.
Although both hSERT and dSERT were able to translocate 5-HT, dSERT did not readily transport other SERT substrates such as MPP + or amphetamines. K m values for 5-HT revealed similar relative affinities for both transporters. In contrast, the greater V max value for hSERT than dSERT may suggest differences in inward transport capacity or cell surface expression levels. Moreover, whole-cell binding studies confirmed higher hSERT expression on the cell surface than dSERT indicating that more human transporters are able to participate in uptake. We recognize that the whole-cell binding experiments require several assumptions, and that the method has potential caveats.
For example, the ability of the ligands used (both labeled and unlabeled) to permeate the membrane will vary depending upon the hydrophobicity of the specific compound.
Our experiments were performed under assumed equilibrium (one hour incubation) and, thus, the hydrophobic ligands should sufficiently distribute to fully bind intracellular transporters. In addition, separation of bound and free radioligand can be problematic in whole-cell binding approaches. Our washes were completed within 10 sec which should minimize any loss of bound radioligand for the high-affinity radioligands used (K d values = ~3 nM).
Studies were performed using MPP + to explore further species-selectivity for inward transport. Like previous reports, hSERT was able to transport MPP + (Sitte et al., 2000; Sitte et al., 2001) . Interestingly, neither dSERT nor the cross-species chimeras transported MPP + , suggesting species-distinction for substrate recognition and/or transport capacity between hSERT and dSERT. In further studies, MPP + inhibited 5-HT uptake in both parental and chimeric SERTs with similar potencies, demonstrating the ability of all SERT constructs to recognize MPP + . These findings suggest species distinction for MPP + interactions between hSERT and dSERT. This molecule has substrate properties at hSERT (i.e. 5-HT), but interacts with dSERT like a transport blocker. Furthermore, our results from cross-species chimeras implicate TMDs V to IX of SERT in the inward transport mechanism but not necessarily in substrate recognition.
Although our studies do not explore specific residues in this region, a study of rat DAT has suggested the importance of two serine residues localized in TMDs VII and XI for the inward transport of MPP + (Kitayama et al., 1993 with rDAT at position 353, dSERT has an alanine residue at the corresponding position.
Our results suggest the presence of specific residues in this region of SERT that are involved in the molecular mechanism of MPP + uptake.
Another characteristic of SERT and other GAT/NET transport gene family members is the ability to outwardly transport substrate from the cytoplasm. A transporter-dependent release process has been demonstrated by changing transmembrane ion gradients (Pifl et al., 1997) or by the facilitated-exchange model (Wall et al., 1995; Johnson et al., 1998; Sitte et al., 1998) . Our experiments focused on studying facilitated-exchange by SERT species-variants as a method to identify whether the substituted-amphetamines were transported. Our data revealed that the amphetamines were not effectively transported by dSERT and, hence, failed to induce substrate exchange. Amphetamine analogs blocked the uptake of 5-HT at dSERT, but were unable to induce substrate exchange or inward current. In addition, we observed that the substituted-amphetamines were less potent at dSERT as compared to hSERT suggesting species-specific differences in the recognition of the amphetamines exist Previous studies have demonstrated a channel mode of behavior for dSERT and suggested that this mode may modulate substrate permeation at high extracellular substrate concentration (Galli et al., 1997; Petersen and DeFelice, 1999) . If such a channel mode exists for dSERT, we would not expect exchange to occur because one major distinction between transporters and channels is the inability of channels to carry out substrate-induced exchange (Stein, 1986) . Even in the case that dSERT may behave as a channel, 5-HT exchange has been shown at high extracellular substrate concentration (Petersen and DeFelice, 1999) . dSERT may alternate between transport and channel modes and is influenced by the environment (i.e. high sodium concentration in the cytoplasm). The complex behavior of dSERT in this regard warrants further study as it may have some contributory influence on potential distinction in substrate recognition that modifies inward and outward transport properties.
We also explored whether differences exist in the turnover numbers for the inward and outward transport processes between hSERT and dSERT. Whole-cell binding experiments demonstrated higher surface expression for hSERT than dSERT.
This finding explains the greater V max values for 5-HT uptake at hSERT than dSERT.
Calculation of the inward turnover number for dSERT revealed a two-fold greater value than hSERT. Interestingly, the turnover numbers for exchange demonstrated a much smaller difference between the species variants. These results suggest unequal exchange between extracellular and intracellular substrates. hSERT and dSERT most likely differ in the rate of inward transport relative to the reorientation of the transporter.
The net inward transport rate for the two SERTs is influenced by many factors including the reorientation of the "empty" SERT to the outside. This reorientation rate could be altered by outwardly moving substrate during exchange, thus, possibly explaining the differences in inward and outward transport rates for hSERT and dSERT. A study performed in hDAT demonstrated that exchange between an external substrate and internal dopamine is unequal (Chen and Justice, 2000) . Simultaneous monitoring of tyramine uptake and induced dopamine exchange revealed the initial exchange rate of internal dopamine is only 6% of the initial entry rate of external tyramine. These results confirm differences in the conformational requirements for inward and outward transport mechanisms that may be partially responsible for the asymmetric exchange between internal and external substrates.
In summary, our studies revealed major differences between hSERT and dSERT for substrate recognition and translocation. Our data demonstrated similar 5-HT kinetics for hSERT and dSERT, but major differences for other substrates might suggest that dSERT and hSERT possess fundamental differences for recognition of MPP + and amphetamines that do not allow for translocation. Alternatively, hSERT and dSERT could possess differences affecting how all substrates are recognized and translocated.
For 5-HT, these differences are not apparent based on our transport kinetic measures, but are revealed by other substrates. Our studies implicate the middle region of the SERT in substrate translocation through the membrane. Previously, a role of TMD I in the substrate permeation pathway has been defined (Barker et al., 1999) . Recently,
Ravna and Edvardsen constructed a hypothetical three-dimensional model of the
This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 7, 2003 as DOI: 10.1124 at ASPET Journals on July 9, 2017 jpet.aspetjournals.org
Downloaded from
hSERT (Ravna and Edvardsen, 2001) . Their arrangement of the TMDs places TMDs I and VII in the 5-HT permeation pathway. Our results lead to several questions about SERT structure and the molecular mechanism involved in substrate permeation. For example, identification of residues within TMDs V to IX involved in the species-specific properties may in part clarify the molecular mechanism of substrate transport.
Moreover, this region may also interact with other TMDs to stabilize a specific conformation that is favorable for inward and outward transport. Future studies may provide insight about the inward and outward transport mechanisms at the same transporter species and will clarify molecular differences between both processes.
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